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1. INTRODUCTION {#ece34957-sec-0001}
===============

Increases in average global temperatures and heightened temperature variability are both consequences of global climate change (IPCC, [2014](#ece34957-bib-0035){ref-type="ref"}, [2018](#ece34957-bib-0036){ref-type="ref"}). A commonly documented ecological consequence of increasing average temperatures is shifts in phenological patterns (i.e., the movement of event times‐ breeding, flowering, mortality; Walther et al., [2002](#ece34957-bib-0079){ref-type="ref"}; Parmesan & Yohe, [2003](#ece34957-bib-0061){ref-type="ref"}; Thackeray et al., [2016](#ece34957-bib-0076){ref-type="ref"}). In particular, warming average temperatures are associated with early‐onset spring conditions and in many taxa, a subsequent acceleration in key life history traits, such as breeding dates (Li, Cohen, & Rohr, [2013](#ece34957-bib-0048){ref-type="ref"}; Walther et al., [2002](#ece34957-bib-0079){ref-type="ref"}). Organisms that breed earlier in response to rising average spring temperatures also face heightened fluctuations in temperatures, including increased risk of exposure to harmful cold‐temperature regimes during early developmental stages (Benard, [2015](#ece34957-bib-0001){ref-type="ref"}; Cohen, Pfeiffer, & Francis, [2018](#ece34957-bib-0011){ref-type="ref"}; Inouye, [2008](#ece34957-bib-0034){ref-type="ref"}; Kretschmer et al., [2017](#ece34957-bib-0045){ref-type="ref"}). For example, in plants, earlier breeding triggered by warmer winters led to exposure to increasing variance in temperature, paradoxically including increased risk of frost damage (Inouye, [2008](#ece34957-bib-0034){ref-type="ref"}). Therefore, evaluating the consequences of different temperature regimes (i.e., cold‐temperature variability) and not just increasing average temperatures is crucial to understanding the ecological impact of global climate change.

Cold‐temperature conditions can have diverse direct and indirect consequences. For example, cold temperatures can slow metabolic rate, development, and reduce decomposition, digestion, growth, swimming, and feeding activity (Brown, Gillooly, Allen, Savage, & West, [2004](#ece34957-bib-0006){ref-type="ref"}; Podolsky & Emlet, [1993](#ece34957-bib-0064){ref-type="ref"}; Yee & Murray, [2004](#ece34957-bib-0082){ref-type="ref"}). Cold temperatures may also have indirect consequences by creating mismatches in resource availability for organisms with advanced spring phenology (e.g., food and habitat; Visser & Both, [2005](#ece34957-bib-0077){ref-type="ref"}). Despite the negative consequences of cold temperatures, many organisms, especially those historically exposed to predictably low temperatures, can compensate for negative effects both through behavior and physiology. For example, rainbow trout exposed to cold temperatures have decreased visceral adipose tissue and lipid content, but over time affected trout display compensatory growth to maintain a body length comparable to those reared in optimal temperatures (Weatherley & Gill, [1983](#ece34957-bib-0080){ref-type="ref"}). Although a diverse range of taxa can produce compensatory growth and developmental responses to low temperatures, the cold‐temperature regimes that organisms encounter are unlikely to be uniform. For example, organisms may be exposed to prolonged cold‐conditions (i.e., cold‐press) or intermittent cold‐conditions (i.e., cold‐pulse) across time. Whether organisms respond uniformly to different cold‐temperature regimes is not well understood but has broad ecological and conservation implications for our understanding of the impact of global climate change.

While many organisms respond to cold temperatures by inducing compensatory growth and development, these compensatory responses may also come at a cost in response to other stressors in the environment. For instance, along with temperature shifts associated with global climate change, natural ecosystems face a variety of other abiotic threats including anthropogenic contaminants (Boone et al., [2014](#ece34957-bib-0002){ref-type="ref"}; Dugan et al., [2017](#ece34957-bib-0018){ref-type="ref"}) that can interact with shifts in temperature to more negatively affect organisms. For example, silver perch reared in higher temperatures (30 and 35°C) were more susceptible to the insecticide endosulfan than silver perch reared at lower temperatures (15--25°C; Patra, Chapman, Lim, Gehrke, & Sunderam, [2015](#ece34957-bib-0062){ref-type="ref"}). Related to cold weather regimes, to combat icy road conditions, road salt application has increased from 5,000 tons in 1941 to between 10 and 20 million tons in 2010, leading to consequences such as the secondary salinization of freshwater habitats (Kelly, Findlay, Schlesinger, Menking, & Chatrchyan, [2010](#ece34957-bib-0043){ref-type="ref"}). Thus, the likelihood of exposure to both cold‐temperature regimes and contaminants such as road salt are high during early spring months (Dietz, Angel, Robbins, & McNaboe, [2016](#ece34957-bib-0017){ref-type="ref"}). However, to date, it is unclear how exposure to cold‐temperature regimes early in development may influence responses to contaminants, such as salt, later in life.

In addition to abiotic stressors, organisms also face a variety of biotic stressors such as infectious diseases (Daszak, Cunningham, & Hyatt, [2000](#ece34957-bib-0015){ref-type="ref"}). A growing number of studies demonstrate that shifting temperatures can lead to alterations in host--parasite interactions (Brooks & Hoberg, [2007](#ece34957-bib-0004){ref-type="ref"}, [2015](#ece34957-bib-0005){ref-type="ref"}; Kutz, Hoberg, Polley, & Jenkins, [2005](#ece34957-bib-0046){ref-type="ref"}). For example, an increase in temperature variability can increase amphibian susceptibility to infection by parasites such as *Batrachochytrium dendrobatidis* (Raffel, Rohr, Kiesecker, & Hudson, [2006](#ece34957-bib-0067){ref-type="ref"}; Raffel et al., [2013](#ece34957-bib-0068){ref-type="ref"}; Rohr & Raffel, [2010](#ece34957-bib-0069){ref-type="ref"}). Similarly, in amphipods, the ability to clear bacterial infections was negatively affected when reared in low and high temperatures relative to intermediate temperatures (Labaude, Moret, Cézilly, Reuland, & Rigaud, [2017](#ece34957-bib-0047){ref-type="ref"}). While warming and variable warm temperatures have been shown to alter susceptibility to host--parasite interactions (Rumschlag, Boone, & Fellers, [2014](#ece34957-bib-0072){ref-type="ref"}), the effects of exposure to cold and variable cold temperatures on disease susceptibility are less understood (Cohen et al., [2017](#ece34957-bib-0012){ref-type="ref"}; Raffel et al., [2013](#ece34957-bib-0068){ref-type="ref"}; Rohr & Raffel, [2010](#ece34957-bib-0069){ref-type="ref"}). Understanding the cost of compensatory responses not just on growth and development but on responses to other abiotic and biotic stressors in the environment is important to evaluate the effects of global climate change on ecological systems (Carey & Alexander, [2003](#ece34957-bib-0009){ref-type="ref"}).

Toward these goals, using an amphibian model, we ask: how does embryonic exposure to varying cold‐temperature regimes (cold‐pulse vs. cold‐press) affect (a) tadpole development and growth across time, (b) tadpole susceptibility to a common contaminant (NaCl), and (c) tadpole susceptibility to a common parasite (trematode)? We hypothesized that embryonic exposure to both cold‐temperature regimes would lead to an initial reduction in tadpole development and growth. However, over time, we predicted that tadpoles from both cold treatments would display compensatory development and growth thereby reducing or eliminating the negative effects of the cold treatments on development and growth. Similarly, we predicted that embryonic exposure to cold‐temperature regimes would be costly and would negatively affect the ability for tadpoles to respond to both NaCl and parasite stressors later in life.

2. METHODS {#ece34957-sec-0002}
==========

2.1. Model system {#ece34957-sec-0003}
-----------------

We chose *Lithobates sylvaticus*(wood frog) as the focal species for examining the impacts of different cold‐temperature regimes (cold‐pulse and cold‐press). Wood frogs breed in small woodland ponds, are among the most widely distributed and abundant anurans in North America (Conant & Collins, [1998](#ece34957-bib-0014){ref-type="ref"}), and are recognized as important faunal indicators of ecosystem health (Hilty & Merenlender, [2000](#ece34957-bib-0026){ref-type="ref"}). Wood frogs range from northern subarctic Canada and Alaska to the Northeast and Midwestern United States (Conant & Collins, [1998](#ece34957-bib-0014){ref-type="ref"}). Wood frogs exhibit a temperature‐dependent induction of breeding behavior and depending on geographic location begin breeding in March through June (Frisbie, Costanzo, & Lee, [2000](#ece34957-bib-0021){ref-type="ref"}; Herreid & Kinney, [1967](#ece34957-bib-0025){ref-type="ref"}; Howard, [1980](#ece34957-bib-0029){ref-type="ref"}; Pollister & Moore, [1937](#ece34957-bib-0065){ref-type="ref"}). Wood frogs are under strong selection for early oviposition (Howard, [1980](#ece34957-bib-0029){ref-type="ref"}) as early oviposition is related with central egg mass positioning within the greater egg mass cluster, which is associated with higher hatching success and survivorship (Waldman, [1982](#ece34957-bib-0078){ref-type="ref"}). Compared to other amphibians, Gibbs and Breisch ([2001](#ece34957-bib-0022){ref-type="ref"}) found that wood frogs show one of the strongest shifts (13.0 days per century) to earlier calling and breeding phenology in response to recent climate warming. Furthermore, Benard ([2015](#ece34957-bib-0001){ref-type="ref"}) found that offspring of wood frog populations that breed earlier experienced colder temperatures throughout development. Thus, wood frogs are a good model for understanding responses to cold‐temperature regimes and costs associated with these responses.

To evaluate costs of responses to different cold‐temperature regimes, we first assessed tadpole susceptibility to NaCl. The secondary salinization of freshwater habitats due to human activities (i.e., road salts, agriculture, coastal flooding) is of emerging concern among ecologists and natural resource managers (Cañedo‐Argüelles et al., [2016](#ece34957-bib-0008){ref-type="ref"}; Herbert et al., [2015](#ece34957-bib-0024){ref-type="ref"}). We chose NaCl because the leading cause of freshwater salinization within the range of our focal species (wood frog) is the application of road deicing salts (primarily NaCl; Findlay & Kelly, [2011](#ece34957-bib-0020){ref-type="ref"}; Kaushal et al., [2005](#ece34957-bib-0042){ref-type="ref"}; Kelly et al., [2010](#ece34957-bib-0043){ref-type="ref"}). Further, the timing of peak chloride concentrations via snowmelt runoff coincides directly with the breeding and larval period of wood frogs (Findlay & Kelly, [2011](#ece34957-bib-0020){ref-type="ref"}; Sanzo & Hecnar, [2006](#ece34957-bib-0073){ref-type="ref"}). Acute salt tolerance assays suggest that wood frogs can tolerate between 2.6 g/L and 17.2 g/L Cl^−^ (Collins & Russell, [2009](#ece34957-bib-0013){ref-type="ref"}; Sanzo & Hecnar, [2006](#ece34957-bib-0073){ref-type="ref"}) but studies show that increasing salinity is extremely impactful to population demography, possibly leading to exclusion from roadside breeding sites and local extinction (Collins & Russell, [2009](#ece34957-bib-0013){ref-type="ref"}; Karraker, Gibbs, & Vonesh, [2008](#ece34957-bib-0041){ref-type="ref"}).

Next, we assessed how responses to different cold‐temperature regimes affected tadpole susceptibility to a common amphibian trematode in the Echinostomatidae family. Trematodes have a complex seven‐part life cycle: (a) The adult form of the parasite reproduces sexually and produce eggs in the digestive tract of a mammalian or avian definitive host. (b) The definitive host excretes the eggs into aquatic environment. (c) A free‐swimming stage of the parasite, miracidia, emerges from the egg and infects molluscan hosts, the first intermediate host. (d) Within the molluscan host, the parasite develops and multiplies asexually. (e) The parasite then emerges in its second free‐swimming stage, cercariae. (f) Cercariae encyst in the kidneys of larval amphibians, the second intermediate host forming metacercariae. (g) The intermediate host and embedded metacercariae are consumed by a mammalian or avian host where the cycle begins again (Esteban & Muñoz‐Antoli, [2009](#ece34957-bib-0019){ref-type="ref"}). Metacercariae from the Echinostomatidae family are reported as one of the most common parasites in larval amphibians (Maldonado & Lanfredi, [2009](#ece34957-bib-0050){ref-type="ref"}) and exhibit a dose‐dependent pathology (Johnson & McKenzie, [2009](#ece34957-bib-0038){ref-type="ref"}; Martin & Conn, [1990](#ece34957-bib-0051){ref-type="ref"}). In this study, we focus on the cercariae stage of the parasite as this is the stage that infects larval amphibians. Trematode susceptibility in larval amphibians is stage and life history dependent (Holland et al., [2007](#ece34957-bib-0027){ref-type="ref"}; Johnson et al., [2012](#ece34957-bib-0039){ref-type="ref"}); thus alterations to the rate of tadpole development due to cold temperatures may have significant implications for the outcome of this host--parasite interaction.

2.2. Animal collection {#ece34957-sec-0004}
----------------------

On April 5, 2017, we collected 10 newly laid wood frog egg masses from Lipo Pond (42°3′45.12″N, 76°3′47.66″W; Vestal, New York). We immediately transferred all egg masses to Binghamton University where we placed them in 100 L outdoor pools filled with 90 L of well water. On April 6, 2017, we separated 18 individual eggs from each of the 10 egg masses for a total of 180 eggs using a plastic transfer pipette. Then, we placed each egg into individual 20 ml scintillation vials containing 15‐ml UV‐filtered well water. All applicable institutional and/or national guidelines for the care and use of animals were followed (IACUC protocol \#757‐16).

2.3. Experimental conditions {#ece34957-sec-0005}
----------------------------

On April 6, 2017, we randomly assigned wood frog embryos (Gosner stage 8; Gosner, [1960](#ece34957-bib-0023){ref-type="ref"}) to one of the three temperature regimes: 20°C (control; *n* = 60), 4°C/20°C (cold‐pulse; *n* = 60), and 4°C (cold‐press; *n* = 60; Figure [1](#ece34957-fig-0001){ref-type="fig"}). All embryos were held on a constant 12:12 light cycle. For all three treatments, we also held the amount of time that embryos were exposed to 20°C constant (4‐days; Figure [1](#ece34957-fig-0001){ref-type="fig"}; Table [1](#ece34957-tbl-0001){ref-type="table"}). For the two cold treatments (pulse and press), we manipulated the temperature regime, but we held the amount of time that embryos were exposed to 4°C constant (6 days; Figure [1](#ece34957-fig-0001){ref-type="fig"}; Table [1](#ece34957-tbl-0001){ref-type="table"}).

![Schedule of embryonic exposure (Gosner 8--20) to the three temperature regime treatments (control, cold‐pulse, and cold‐press) and timing of hatching for animals from each treatment](ECE3-9-3355-g001){#ece34957-fig-0001}

###### 

Date and number of days post‐hatching for the following events: (a) hatching (Gosner 20), (b) Experiment 1: Time‐to‐death assays (c) Experiment 2: Parasite exposure for each of the three temperature regime treatments

  Cold‐temperature regime             Event                 Date       \# days post‐hatch
  ----------------------------------- --------------------- ---------- --------------------
  Control                             Hatched (Gosner 20)   April 9    0
  Experiment 1: Time‐to‐death assay                                    
  Gosner 25                           April 13              4          
  Gosner 31                           April 26              17         
  Experiment 2: Parasite exposure     May 3                 24         
  Cold‐pulse                          Hatched (Gosner 20)   April 15   0
  Experiment 1: Time‐to‐death assay                                    
  Gosner 25                           April 19              4          
  Gosner 31                           May 2                 17         
  Experiment 2: Parasite exposure     May 9                 24         
  Cold‐press                          Hatched (Gosner 20)   April 15   0
  Experiment 1: Time‐to‐death assay                                    
  Gosner 25                           April 19              4          
  Gosner 31                           May 2                 1          
  Experiment 2: Parasite exposure     May 9                 24         
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In nature, wood frog embryos are exposed to a wide range of air and water temperatures (−12.3°C--26°C and 0.4°C--19.7°C, respectively; Frisbie et al., [2000](#ece34957-bib-0021){ref-type="ref"}; Benard, [2015](#ece34957-bib-0001){ref-type="ref"}; Hua et al., [2015a](#ece34957-bib-0031){ref-type="ref"}). Additionally, the lower developmental limit for wood frogs is reported to be between 2°C and 5.6°C (Herreid & Kinney, [1967](#ece34957-bib-0025){ref-type="ref"}; Pollister & Moore, [1937](#ece34957-bib-0065){ref-type="ref"}). Therefore, 4°C represents a temperature that is in between the reported lower developmental limits for wood frogs and both 4°C and 20°C represent realistic temperature experienced by wood frog embryos in nature.

### 2.3.1. Embryonic control conditions {#ece34957-sec-0006}

Individuals in the control treatment were kept in a temperature‐controlled room set at 20°C throughout development. On April 9, all individuals in the control treatment hatched (4‐days; Figure [1](#ece34957-fig-0001){ref-type="fig"}; Table [1](#ece34957-tbl-0001){ref-type="table"}). For the control treatment, all 60 embryos successfully hatched.

### 2.3.2. Embryonic cold‐pulse conditions {#ece34957-sec-0007}

We placed individuals in the cold‐pulse treatment in a temperature‐controlled room set at 4°C for 48 hr then moved them to a temperature‐controlled room set at 20°C for 24 hr. We replicated this pulse schedule for two more cycles resulting in a total of 6 days at 4°C and four days at 20°C. Individuals hatched at 20°C on April 15 (Figure [1](#ece34957-fig-0001){ref-type="fig"}; Table [1](#ece34957-tbl-0001){ref-type="table"}). For the cold‐pulse treatment, 46 embryos successfully hatched.

### 2.3.3. Embryonic cold‐press conditions {#ece34957-sec-0008}

Individuals in the cold‐press treatment were placed in a temperature‐controlled room set at 4°C for six days. Then, we transferred these individuals to a temperature‐controlled room set at 20°C until hatching. At 20°C, animals from the cold‐press treatment hatched in 4‐days on April 15 (Figure [1](#ece34957-fig-0001){ref-type="fig"}; Table [1](#ece34957-tbl-0001){ref-type="table"}). For the cold‐press treatment, 49 embryos successfully hatched.

After reaching the hatchling stage, we moved individuals from all temperature regime treatments to 1‐L plastic containers filled with 750 ml of UV‐filtered well water. We held all animals in a temperature‐controlled room set at 20°C until the start of Experiment 1 (time‐to‐death assay) or Experiment 2 (parasite exposure). Once individuals reached Gosner stage 25, we conducted water changes every 5 days and fed tadpoles a Tetramin slurry ad libitum.

2.4. Experiment 1: Time‐to‐death assay {#ece34957-sec-0009}
--------------------------------------

We measured tadpole susceptibility to NaCl at two time points (4‐days post‐hatching and 17‐days post‐hatching) by conducting six separate (two for each cold‐temperature regime), but identical time‐to‐death assays (Newman, [2006](#ece34957-bib-0057){ref-type="ref"}). We conducted separate experiments to account for tadpoles from the different temperature regimes hatching on different days (Figure [1](#ece34957-fig-0001){ref-type="fig"}). For each time‐to‐death assay, we exposed 10 individuals from each temperature treatment to a lethal NaCl solution (10 g/L NaCl) and 5 individuals to UV‐filtered well water (control). Experimental units were 1‐L plastic containers containing 750‐ml of NaCl solution. We determined the time‐to‐death of each tadpole by assessing survival every four hours until 100% mortality. We preserved all individuals in a 10% formalin solution at the end of the experiment.

2.5. Experiment 2: Tadpole susceptibility to parasites 24‐days post‐hatching {#ece34957-sec-0010}
----------------------------------------------------------------------------

We conducted three separate but identical parasite assays assessing the effects of the different cold‐temperature regimes on tadpole susceptibility to parasites. We conducted three separate experiments to account for tadpoles from the different temperature regimes hatching on different days (Figure [1](#ece34957-fig-0001){ref-type="fig"}). For each experiment, we randomly chose and exposed 10 individuals (24‐days post‐hatching) from each temperature treatment to 50 free‐swimming parasites. We also assigned five individuals from each of the three cold‐temperature regimes to serve as a no‐parasite control. Experimental units were 1‐L plastic containers containing 750‐ml of UV‐filtered well water.

To obtain parasites for these experiments, on April 23, we collected 30 ramshorn snails (*Helisoma trivolvis*) from the Binghamton University Nature Preserve wetland. We screened these snails for parasite infection by placing an individual snail in a 50 ml Falcon tube filled with 35 ml of UV‐filtered well water. Once we identified infected snails, we held snails at 2°C to slow parasite shedding until the start of each experiment (Hua, Buss, Kim, Orlofske, & Hoverman, [2016](#ece34957-bib-0030){ref-type="ref"}). For all three experiments, we used parasites shed from the same group of infected snails. Parasites were identified to family level using exposure assays and morphological observations (Buss & Hua, [2018](#ece34957-bib-0007){ref-type="ref"}; Kostadinova & Gibson, [2000](#ece34957-bib-0044){ref-type="ref"}). Prior to the start of each experiment, we acclimated snails at 20°C for 24 hr. Then snails were put into 50 ml Falcon tubes containing 45 ml of well water and placed under a 150‐watt heat lamp (EXO TERRA Solar Glo) to induce cercariae shedding. After shedding cercariae from each snail, we mixed cercariae from each tube to maximize genetic variation of cercariae as well as to avoid any bias from any single snail host. Using a glass pipette and stereo microscope, we individually counted and placed 50 cercariae into 30 Falcon tubes filled with 25 ml water (1,500 cercariae total). We then added 50 cercariae to each experimental unit by pouring the contents of each Falcon tube into units containing tadpole hosts and rinsing tubes out twice with the water from each unit to ensure that all cercariae were added. For the tadpoles assigned to the parasite‐control treatment, we mock dosed tadpoles using similar procedures but with 25 ml of parasite‐free water.

Twenty‐four hours after exposure to parasites, we euthanized (5 g/L MS‐222 solution) and preserved all tadpoles in 10% formalin solution and measured mass, stage (Gosner, [1960](#ece34957-bib-0023){ref-type="ref"}), and snout‐vent--length of all tadpoles. To quantify parasite infection, we removed the kidneys from each tadpole. We then placed the kidneys between microscopes slides and counted the number of encysted parasites using a stereo microscope (Olympus SZ60; Buss & Hua, [2018](#ece34957-bib-0007){ref-type="ref"}).

2.6. The effect of cold‐temperature regimes on development and growth {#ece34957-sec-0011}
---------------------------------------------------------------------

To assess the effect of cold‐temperature regimes on tadpole development and growth, we measured mass, stage (Gosner, [1960](#ece34957-bib-0023){ref-type="ref"}), and snout‐vent--length of tadpoles from each treatment at 4‐days, 17‐days, and 24‐days post‐hatching. It is important to note that we measured the development and mass of tadpoles using tadpoles from Experiment 1 and 2. Because all tadpoles were measured at the end of Experiment 1 and 2, tadpoles used for development and mass measurements were exposed to a lethal concentration of NaCl at 4‐days and 17‐days post‐hatching and 50 trematodes at 24‐days post‐hatching. Therefore, it is possible that development and growth may be affected by NaCl or trematode treatments. As such, it is not possible to compare development and mass across time points because metrics may be affected by NaCl or trematode exposure. However, because all tadpoles within a time point were similarly exposed to either NaCl or trematodes, we assessed development and mass within each time point.

2.7. Statistical analysis {#ece34957-sec-0012}
-------------------------

### 2.7.1. Effects of thermal regime on tadpole development and mass {#ece34957-sec-0013}

To understand the effect of embryonic cold‐temperature regimes on tadpole development and mass 4‐days, 17‐days, and 24‐days post‐hatching, we conducted analysis of variance (ANOVA). All tadpoles at 4‐days and 17‐days post‐hatching were at the similar developmental stage 25 ± 0 and stage 31.4 ± 0.1, respectively; therefore, we did not conduct ANOVAs on tadpole mass during these time points. At 24‐days post‐hatching, tadpoles varied in both mass and development, so we conducted a multivariate analysis (MANOVA) that included both mass and developmental stage. We accounted for assumptions in the analysis and conducted pairwise comparisons for significant main effects. We compared the effects of the two cold treatments relative to the control using Dunnett\'s pairwise comparisons.

### 2.7.2. Effects of cold‐temperature regime on tadpole susceptibility to NaCl {#ece34957-sec-0014}

To investigate the effect of embryonic cold‐temperature regime on tadpole susceptibility to NaCl 4‐days and 17‐days post‐hatching, we conducted two separate generalized linear models with a normal distribution and an identity‐link function and incorporated tadpole mass as a covariate (GLM; McCullagh & Nelder, [1989](#ece34957-bib-0052){ref-type="ref"}). For all significant main effects, we conducted pairwise comparisons using Sequential Bonferroni‐corrected analyses.

### 2.7.3. Effects of cold‐temperature regime on tadpole susceptibility to parasites 24‐days post‐hatching {#ece34957-sec-0015}

To investigate the effect of embryonic cold‐temperature regime on tadpole susceptibility to parasites, we used a GLM with a Poisson‐distribution and a log‐link function because we had count data. For this analysis, we incorporated tadpole stage and mass as covariates as both have been shown to influence tadpole susceptibility to parasites (Johnson et al., [2012](#ece34957-bib-0039){ref-type="ref"}; Rohr, Raffel, & Hall, [2010](#ece34957-bib-0070){ref-type="ref"}). For all significant main effects, we conducted pairwise comparisons using sequential Bonferroni‐corrected analyses. For all significant main effects of covariates (tadpole stage or mass), we also conducted a Pearson\'s correlation to confirm the relationship between tadpole susceptibility to parasites, tadpole mass, and tadpole stage. For all significant correlations, to understand the degree to which tadpole stage or mass shapes tadpole susceptibility to trematodes, we conducted a regression analysis. All data in our experiment were analyzed using IBM SPSS software (Version 22, IBM, INC).

3. RESULTS {#ece34957-sec-0016}
==========

3.1. Effects of cold‐temperature regimes on tadpole development and mass {#ece34957-sec-0017}
------------------------------------------------------------------------

For tadpoles that were 4‐days post‐hatching, we did not analyze the effect of embryonic cold‐temperature regimes on tadpole development because all tadpoles were at Gosner stage 25. Using analysis of variance (ANOVA), we found a significant univariate effect of embryonic cold‐temperature regime on tadpole mass at day 4 (*F* ~2,27~ = 5.4, *p* = 0.01). Dunnett\'s pairwise comparison indicated that the cold‐press and the cold‐pulse treatments caused a significant decrease in tadpole mass relative to the control treatment (*p* = 0.009 and *p* = 0.031, respectively; Figure [2](#ece34957-fig-0002){ref-type="fig"}).

![The effect of embryonic cold‐temperature regimes on tadpole development (Gosner Stage) and growth (mass) 4‐days, 17‐days, and 24‐days post‐hatching. The \* symbol indicates a significant difference relative to the control treatment (*p* \< 0.05)](ECE3-9-3355-g002){#ece34957-fig-0002}

For tadpoles that were 17‐days post‐hatching, we did not analyze the effect of embryonic cold‐temperature regimes on tadpole development because all tadpoles were at stage 31. Using ANOVA, we found a marginally significant univariate effect of embryonic cold‐temperature regime on tadpole mass (*F* ~2,27~ = 3.3, *p* = 0.052). Using Dunnett\'s pairwise comparisons, we found that the cold‐press but not the cold‐pulse treatments significantly decreased tadpole mass relative to the control treatment (*p* = 0.043 and *p* = 0.1, respectively; Figure [2](#ece34957-fig-0002){ref-type="fig"}).

For tadpoles that were 24‐days post‐hatching, we found a significant overall multivariate effect (MANOVA) of embryonic cold‐temperature regime on tadpole development and growth (Wilk\'s *λ* = 0.5, *F* ~4,52~ = 5.2, *p* = 0.001). We found a significant effect of embryonic cold‐temperature regime on tadpole developmental stage 24‐days post‐hatching (*F* ~2,27~ = 6.2, *p* = 0.006). The cold‐press treatment significantly reduced tadpole development compared to both the cold‐pulse (*p* = 0.014) and control treatments (*p* = 0.014; Figure [1](#ece34957-fig-0001){ref-type="fig"}). We also found a significant effect of embryonic cold‐temperature regime on tadpole mass 24‐days post‐hatching (*F* ~2,27~ = 5.4, *p* = 0.01). Dunnett\'s pairwise comparisons indicated that both the cold‐press and the cold‐pulse treatments significantly decreased tadpole mass relative to the control treatment (*p* = 0.008 and *p* = 0.04, respectively; Figure [2](#ece34957-fig-0002){ref-type="fig"}).

3.2. Effects of cold‐temperature regimes on tadpole susceptibility to NaCl {#ece34957-sec-0018}
--------------------------------------------------------------------------

For tadpoles not exposed to NaCl (control), we found 100% survival. For tadpoles 4‐days post‐hatching that were exposed to NaCl, we found a significant main effect of cold‐temperature regime on tadpole susceptibility to NaCl (Generalized linear model‐ GLM; *χ* ^2^ = 9.5; *p* = 0.009; Figure [3](#ece34957-fig-0003){ref-type="fig"}), but no effect on mass as a covariate (*χ* ^2^ = 0.12; *p* = 0.7). Sequential Bonferroni‐corrected analyses indicated that tadpoles from the cold‐press treatment were significantly more susceptible to NaCl compared to both the cold‐pulse (*p* = 0.025) and control treatments (*p* = 0.017).

![he effect of embryonic cold‐temperature regimes on tadpole susceptibility to NaCl (Time to death) at 4‐days and 17‐days post‐hatch. Treatments with different letters denote are significantly different from each other](ECE3-9-3355-g003){#ece34957-fig-0003}

In contrast, for tadpoles 17‐days post‐hatching that were exposed to NaCl, we found no significant main effect of cold‐temperature regime on tadpole susceptibility to NaCl (GLM; *χ* ^2^ = 4.2; *p* = 0.12; Figure [3](#ece34957-fig-0003){ref-type="fig"}) or on mass (*χ* ^2^ = 2.3; *p* = 0.13).

3.3. Effects of cold‐temperature regimes on tadpole susceptibility to parasites {#ece34957-sec-0019}
-------------------------------------------------------------------------------

We found that all tadpoles in the parasite and control treatments survived until the end of the experiment and we confirmed that tadpoles from the control treatment were parasite‐free. Twenty‐four days post‐hatching, we found a significant main effect of cold‐temperature regime on tadpole susceptibility to parasites (GLM; *χ* ^2^ = 40.5; *p* \< 0.001; Figure [4](#ece34957-fig-0004){ref-type="fig"}), on tadpole mass as a covariate (*χ* ^2^ = 120.5; *p* = 0.001), and on tadpole stage as a covariate (*χ* ^2^ = 6.0; *p* = 0.01). Sequential Bonferroni‐corrected analyses indicated that both the cold‐press and the cold‐pulse treatments significantly decreased tadpole susceptibility to parasites relative to the control treatment (for both *p* \< 0.001; Figure [4](#ece34957-fig-0004){ref-type="fig"}). In contrast, the effects of the cold‐press treatment on tadpole susceptibility to parasites did not significantly differ from the effects of the cold‐pulse treatment (Figure [4](#ece34957-fig-0004){ref-type="fig"}).

![The effect of embryonic cold‐temperature regimes on tadpole susceptibility to parasites at 24‐days post‐hatch. Treatments with different letters denote are significantly different from each other](ECE3-9-3355-g004){#ece34957-fig-0004}

We found a significant relationship between tadpole mass and trematode susceptibility to parasites using correlation analyses (*r* = 0.5, *p* = 0.005). However, despite a significant relationship between tadpole mass and tadpole stage (*r* = 0.6, *p* \< 0.001), we found no relationship between tadpole stage and trematode susceptibility (*r* = 0.16, *p* = 0.40). The regression analysis demonstrated that for every unit increase in tadpole mass, we found a 0.5 (standardized beta coefficient) unit increase in tadpole susceptibility to parasites (*F* = 9.1, *p* = 0.005; Figure [5](#ece34957-fig-0005){ref-type="fig"}).

![The relationship between tadpole mass and susceptibility to parasites 24‐days post‐hatch. Open circles represent tadpoles from the cold‐press treatment, gray circles represent tadpoles from the cold‐pulse treatment, and black circles represent tadpoles from the control treatment](ECE3-9-3355-g005){#ece34957-fig-0005}

4. DISCUSSION {#ece34957-sec-0020}
=============

We investigated the effect of embryonic exposure to different cold‐temperature regimes (cold‐press and cold‐pulse) on wood frog tadpole development and growth, tolerance to NaCl, and susceptibility to parasites. Embryonic exposure to the cold‐press but not cold‐pulse treatment caused a delay in tadpole development relative to the control. The effect of the cold‐press treatment on development did not appear until 24‐days after hatching. Next, both cold‐press and cold‐pulse regimes caused a reduction in tadpole mass that persisted until the end of the study. Embryonic exposure to the cold‐press but not the cold‐pulse treatment caused an initial increase in tadpole susceptibility to NaCl, but these effects disappeared in older tadpoles. Finally, we found that both cold‐temperature regimes indirectly benefitted tadpoles by reducing their susceptibility to parasites. Collectively, we show that exposure to different cold‐temperature regimes differentially affected responses to common abiotic and biotic stressors later in life. These findings underscore the importance of considering the impact of cold temperatures in evaluating the consequences of global climate change.

Embryonic exposure to the cold‐press treatment but not cold‐pulse treatment resulted in a delay in tadpole development. Similarly, in a laboratory study, Orizaola, Dahl, and Laurila ([2010](#ece34957-bib-0058){ref-type="ref"}) found that exposure to 4°C for 4‐days arrested early development and resulted in a longer period of time (2--3 days) between fertilization and metamorphosis compared to rearing at constant 15°C. In the field, Benard ([2015](#ece34957-bib-0001){ref-type="ref"}), found that across several populations of wood frogs, on average every two days in advancement in breeding date, larval period increased by one day as a result of exposure to colder temperatures. Our study also suggests that the developmental effects associated with cold temperatures are not consistent across different cold‐temperature regimes (press vs. pulse). Indeed, across various study organisms and stressor types, even while holding the magnitude of stressor constant, consistent exposure to a stressor (i.e., presses) has been shown to be more detrimental than intermittent exposure to the stressor (i.e., pulses; Boone, Bridges, & Rothermel, [2001](#ece34957-bib-0003){ref-type="ref"}; Diamond, Klaine, & Butcher, [2006](#ece34957-bib-0016){ref-type="ref"}). In this study, we also found that the effect of the cold‐press treatment on development was not detected until 24‐days post‐hatching. This is consistent with the notion that early development is a highly conserved process where timing is largely controlled by intrinsic factors (Moss, [2007](#ece34957-bib-0054){ref-type="ref"}; Rougvie, [2005](#ece34957-bib-0071){ref-type="ref"}). Thus, the effects of cold temperatures can be overlooked if the effects are quantified early or at only a single time point. Collectively, due to climate shifts, incidences of forward phenological shifts and exposure to colder temperatures may become more common and future investigations should consider incorporating different cold‐temperature regimes and the potential for lag effects.

Both cold‐temperature regimes caused a consistent reduction in tadpole mass compared to the control. Contrary to our findings, past studies show that cold‐delayed tadpoles can induce compensatory growth responses (Murillo‐Rincón, Laurila, & Orizaola, [2017](#ece34957-bib-0056){ref-type="ref"}; Orizaola et al., [2010](#ece34957-bib-0058){ref-type="ref"}; Orizaola, Richter‐Boix, & Laurila, [2016](#ece34957-bib-0059){ref-type="ref"}). In our study, we did not observe the induction of compensatory growth responses, as the tadpoles exposed to both cold treatments were consistently smaller over the course of the study. Several factors may contribute to why our results differed compared to previous studies. First, the amphibian model (wood frog) used in our study differed than those used in other studies. Amphibians display species‐specific responses to stressors related to phylogeny (Hoverman, Gray, & Miller, [2010](#ece34957-bib-0028){ref-type="ref"}; Jones, Hammond, & Relyea, [2009](#ece34957-bib-0040){ref-type="ref"}; Searle et al., [2011](#ece34957-bib-0074){ref-type="ref"}). Thus, it is possible that our results may be due to species‐level variation in compensatory responses to cold temperature. Alternatively, in our study, we used only a single population of wood frogs (Lipo Pond). Populations commonly differ in their ability to respond to environmental conditions (i.e., plasticity; Hua et al., [2015a](#ece34957-bib-0031){ref-type="ref"}, [2015b](#ece34957-bib-0032){ref-type="ref"}); thus, it is possible that other populations of wood frogs may display compensatory growth in response to cold temperatures. Lastly, we only tracked tadpoles for 24‐days post‐hatching whereas (Orizaola et al., [2010](#ece34957-bib-0058){ref-type="ref"}) reared tadpoles to metamorphosis. Thus, it is possible that animals in our study may have displayed compensatory growth if the experiment were to be extended. Despite these differences in findings, climate change is expected to increase exposure of early spring‐breeding animals to cold temperatures and understanding factors shaping their ability to recover will become increasingly important.

Next, we investigated whether embryonic exposure to different cold‐temperature regimes altered tadpole susceptibility to NaCl. While both pulse and press treatments similarly delayed hatching (6 days) and similarly reduced tadpole mass relative to the control, we found that tadpoles exposed to cold‐press but not cold‐pulse treatments as embryos were more susceptible to lethal concentrations of NaCl at 4‐days post‐hatching. While the mechanisms responsible for these results are beyond the scope of this study, it is possible that the cold‐press environments, where embryos are exposed to prolonged constant cold temperatures, represents a more stressful condition compared to the cold‐pulse treatment, where embryos had opportunities to recover in warmer temperatures (Boone et al., [2001](#ece34957-bib-0003){ref-type="ref"}; Williams & Semlitsch, [2010](#ece34957-bib-0081){ref-type="ref"}). Interestingly, by 17‐days post‐hatching, we found that tadpoles reared in the cold‐press treatment as embryos were no longer more susceptible to NaCl compared to tadpoles reared in control conditions as embryos. However, consistent with past studies, tadpoles at 17‐days post‐hatching were significantly more tolerant to NaCl than tadpoles 4‐days post‐hatching (Ortiz‐Santaliestra, Marco, Fernández, & Lizana, [2006](#ece34957-bib-0060){ref-type="ref"}). This suggests that the effects of cold temperatures may only be detectable during more vulnerable early life stages. Collectively, our results demonstrate that tadpoles in the cold‐press treatment can recover the ability to respond to NaCl over time and highlights the importance of considering costs of exposure to cold temperatures across multiple cold‐temperature regimes and time points.

Finally, we investigated the influence of different cold‐temperature regimes on wood frog susceptibility to parasites. We hypothesized that tadpoles exposed to cold temperatures would exhibit higher infection loads because immune function has been demonstrated to be compromised in developmentally delayed tadpoles (Murillo‐Rincón et al., [2017](#ece34957-bib-0056){ref-type="ref"}). Similarly, Rohr and Raffel ([2010](#ece34957-bib-0069){ref-type="ref"}) and Raffel et al. ([2013](#ece34957-bib-0068){ref-type="ref"}) demonstrate that temperature variability increased host susceptibility to infection by the fungal parasite *Batrachochytrium dendrobatidis*. Contrary to our predictions, we found that relative to the control, tadpoles exposed to both cold‐temperature regimes were less susceptible to parasites. Our regression analysis demonstrates that host mass is positively related to infection load (Figure [5](#ece34957-fig-0005){ref-type="fig"}). This suggests that by causing a reduction in tadpole mass, both cold‐temperature regimes may have indirectly benefited tadpoles by reducing their susceptibility to parasites. Interestingly, past studies demonstrate that trematode susceptibility is not related to tadpole mass (Johnson & Hoverman, [2014](#ece34957-bib-0037){ref-type="ref"}) but is related to tadpole developmental stage with intermediate stages being the most susceptible (Holland et al., [2007](#ece34957-bib-0027){ref-type="ref"}; Raffel et al., [2011](#ece34957-bib-0066){ref-type="ref"}). In our study, though stage and mass are highly correlated (*r* = 0.6) we did not detect a relationship between trematode susceptibility and stage, though this may be due to the low variation in the developmental stages across treatments (average ± standard error; 34.4 ± 0.14). Nevertheless, these results suggest that future studies should consider whether cold‐temperature regime also influences other factors besides size (e.g., immune responses, behavior) to shape disease outcome. Global change is recognized as a major threat to the stability and biodiversity of host--parasite networks. The stability within these species interaction networks is key to maintaining ecosystem functioning, community stability and biodiversity (Carlson et al., [2017](#ece34957-bib-0010){ref-type="ref"}; Mougi & Kondoh, [2012](#ece34957-bib-0055){ref-type="ref"}; Strona & Lafferty, [2016](#ece34957-bib-0075){ref-type="ref"}). Our results demonstrate that shifts in temperature regimes can alter host--parasite interactions in unexpected indirect ways but considering different parasites that vary in host preference is critical for future studies.

Other considerations---In this study, we focus on wood frogs as our model because they are among the earliest breeding amphibians in North America. They are also the most likely species to both accelerate breeding in response to warming average temperatures and to face increased cold‐temperature variability (Benard, [2015](#ece34957-bib-0001){ref-type="ref"}; Gibbs & Breisch, [2001](#ece34957-bib-0022){ref-type="ref"}). However, to determine the generalizability of our findings, future studies should consider evaluating other species that also face increased cold‐temperature variability due to phenological accelerations in breeding (i.e., common frog; *Rana temporaria*; Phillimore, Hadfield, Jones, & Smithers, [2010](#ece34957-bib-0063){ref-type="ref"}). Additionally, given the wide geographic range of wood frogs, populations differ in average temperature increases and cold temperature variability. Because these differences may influence the generalizability of our findings, future studies should consider multiple populations. Next, increases in average temperature are expected to become more extreme over time (IPCC, [2014](#ece34957-bib-0035){ref-type="ref"}, [2018](#ece34957-bib-0036){ref-type="ref"}). This may eventually lead to accelerated breeding in other spring‐breeding amphibians that breed later than wood frogs (i.e., spring peepers; *Psuedacris crucifer*, American toads; *Anaxyrus americanus*) exposing them to novel variability in cold temperatures. Evaluating how these later spring‐breeding species respond is important to developing longer‐term generalizations regarding the dynamic ecological consequences of global climate change.

Finally, this study focuses specifically on evaluating the effect of heightened temperature variability. Accordingly, we manipulate embryonic exposure to different cold temperature regimes and not breeding time. Indeed, we manipulated temperatures variability while controlling for duration of exposure to cold temperatures by keeping the number of degree days (number of days with the temperature above the lower developmental threshold of 5.6°C; Herreid & Kinney, [1967](#ece34957-bib-0025){ref-type="ref"}) consistent at four days across all treatments. This is relevant because phenological shifts in breeding time in response to rising spring temperatures is a plastic trait that likely varies across natural populations. Populations that accelerate breeding time may be exposed to different cold‐temperature regimes or may be exposed to cold temperatures at different developmental stages compared to populations that do not accelerate breeding. To develop a broader understanding of how organisms respond to global shifts in average temperature and temperature variability, future work should consider also manipulating shifts in breeding times.

To sum, our work demonstrates that different cold‐temperature regimes (press vs. pulse) have unique effects across time emphasizing the importance of temperature variability in shaping populations impacted by global climate change. Additionally, while exposure to cold temperatures early in development may not always be directly lethal, it is important to still consider whether exposure to cold temperatures induces legacy effects that influence responses to other abiotic and biotic stressors later in life. Collectively, these results underscore the need to consider the impact of increased cold‐temperature variability to understand how global climate change is expected to influence ecological systems.
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